E have demonstrated that somatosensory evoked potentials (SEPs) elicited by facial and intraoral stimulation can be used intraoperatively to localize the face representation of sensorimotor cortex. 7 We found that tongue and palate stimulation, in conjunction with median nerve stimulation, provided good localization of the lateral portion of sensorimotor cortex. However, three issues remained unresolved in that study. First, there appeared to be a discontinuity in the representation of the palate, with the central palate being represented laterally near the sylvian sulcus, and the lateral palate being represented medially in or near the lip representation. Second, the somatotopic organization of the most lateral portion of the postcentral gyrus could not be determined. Third, the human recordings were obtained only from the cortical surface. Without laminar recordings from cortex and white matter it is difficult to infer the exact location of the generators of trigeminal SEPs. These issues are addressed in this study by SEP recordings in monkeys.
We found that tongue and palate stimulation, in conjunction with median nerve stimulation, provided good localization of the lateral portion of sensorimotor cortex. However, three issues remained unresolved in that study. First, there appeared to be a discontinuity in the representation of the palate, with the central palate being represented laterally near the sylvian sulcus, and the lateral palate being represented medially in or near the lip representation. Second, the somatotopic organization of the most lateral portion of the postcentral gyrus could not be determined. Third, the human recordings were obtained only from the cortical surface. Without laminar recordings from cortex and white matter it is difficult to infer the exact location of the generators of trigeminal SEPs. These issues are addressed in this study by SEP recordings in monkeys.
Materials and Methods
The protocols used in this study were approved by the Animal Use Committees of the West Haven Veterans Administration Medical Center and Yale University School of Medicine. Animals were treated in accordance with the National Institutes of Health "Guide for the Care and Use of Laboratory Animals."
Recordings were made from four adult rhesus monkeys (Macaca mulatta) weighing 13 to 16 kg. Following sedation by 15 mg/kg ketamine hydrochloride, each animal was anesthetized with intravenous sodium pentobarbital (20 mg/kg) and maintained at an anesthetic level just sufficient to prevent shivering. Body temperature was maintained at 35˚ to 37˚C by a heating pad.
Following craniotomy and reflection of dura, two types of recordings were obtained: Cortical surface recordings were made simultaneously from a 4 ϫ 8 array of silver ball electrodes that were 1 mm in diameter and spaced 3.5 mm apart. Intracerebral (laminar) recordings were made simultaneously from eight wire electrodes that were 0.2 mm in diameter, bared for 0.5 mm at the tip, and spaced 2 mm apart; these were inserted in 1-mm steps through cortex and white matter. All recordings were referential to a needle electrode in temporal muscle, used a gain of 10,000 and filter settings of 3 to 1000 Hz (Ϫ3 dB points), and were digitized at a sam-pling rate of 2 kHz. Stimuli for SEP recordings were 1 to 3 mA, constant-current pulses, 0.5 msec in duration, delivered via subdermal needle electrodes at random intervals between 400 and 600 msec to the following structures: contralateral median nerve at the wrist at an intensity producing a detectable thumb twitch; contralateral upper and lower lips at an intensity producing detectable movement of the corner of the mouth; contralateral tongue at an intensity producing a detectable twitch; contralateral hard palate and gum just above the teeth; central hard palate at the midline; contralateral soft palate at an intensity producing a local twitch; central posterior wall of the pharynx; and contralateral posterior tibial nerve at an intensity producing a detectable toe twitch. For trigeminal recordings, the polarity of the stimulus was alternated to minimize stimulus artifact. Figure 1 shows a comparison of SEPs evoked by stimulation of the median nerve, lip, tongue, and palate. Stimulation of the median nerve evoked a waveform consisting of a negativity at approximately 10 msec (N 10 ) followed by a positivity (P 20 ) recorded from locations on the postcentral gyrus (such as location 19). From the precentral gyrus (for example, location 2), SEPs of similar latency but of opposite polarity (P 10 and N 20 ) were recorded. These potentials are generated in the posterior wall of the central sulcus, 8 which in the rhesus monkey is occupied in the hand and face representations almost entirely by cytoarchitectonic area 3b of somatosensory cortex. 6 From postcentral locations near the central sulcus a positivity (P 12 ) followed by a negativity (N 25 ) was recorded (for example, location 11). These potentials are generated in the crown of the postcentral gyrus, 8 which is occupied in the hand and face representations by areas 1 and 2 of somatosensory cortex. 6 In humans, analogous potentials are useful for localization of the hand representation of sensory and motor cortex. 16 Stimulation of the lips evoked potentials with a more lateral distribution, maximum at location 13 on somatosensory cortex at the lateral edge of the intraparietal sulcus. Stimulation of the right lateral palate evoked SEPs with a distribution slightly lateral to that of the lips. The tongue was represented slightly lateral to the lateral palate. The central palate was in turn represented slightly lateral to the tongue representation, although SEPs to central palate stimulation were recorded over much of the most lateral portion of the postcentral gyrus. There was no obvious inversion of polarity from postcentral to precentral sites in these or other trigeminal recordings, unlike hand area recordings in which consistent polarity inver- sion of the 10-and 20-msec potentials was seen ( Fig. 1 , "hand"). Trigeminal SEP waveforms were variable depending on the site of stimulation and the recording location. However, an initial positivity at approximately 11 msec (P 11 ) followed by a negativity at approximately 18 msec (N 18 ) was often recorded (see, for example, Fig. 1 , "tongue," location 15).
Results
To provide a stable and representative estimate of the region responsive to a particular stimulus, we computed for all 32 electrode locations the root mean square (RMS) voltage from 5 to 80 msec, which included the entire SEP waveform. Such maps are insensitive to particular waveforms and latencies and, if normalized, are also insensitive to absolute amplitude, which can vary considerably depending on stimulus intensity and location of stimulating and recording electrodes. Figure 2 illustrates RMS voltage maps for the recordings shown in Fig. 1 . The mediolateral progression of hand, lips, lateral palate, tongue and central palate representations is apparent. For all types of stimulation, the RMS voltage maxima were located on somatosensory cortex. Figure 3 summarizes the maps of Fig. 2 and similar maps for the other three animals. Because there was only minor variation in the morphology of sulci and gyri in the hand and face area of somatosensory cortex, all maps were superimposed on the drawing of the brain in Fig. 1 upper left. For each type of stimulation, the region comprising the upper 25% of the RMS voltage map (corresponding to the red regions of Fig. 2) were traced onto the brain drawing, preserving the spatial relationship of the region to the central and intraparietal sulci. Figure 3 demonstrates that the representations of the hand, lips, and tongue were unimodal and fairly focal, although individual differences in location and extent are apparent. The representation of the upper portion of the mouth was more complex. In two animals, the lateral palate was represented unimodally near the lateral edge of the intraparietal sulcus, just lateral to the lip representation (see Figs. 1 and 2 ). In one animal there were two active regions, one near the lip representation and another more lateral (Fig. 3, " lateral palate," striped regions). In the fourth animal only a single, lateral region was activated. Conversely, in three of the four animals the central palate was represented unimodally between the end of the central sulcus and the lateral sulcus, but in one animal a separate representation was also seen medially (Fig. 3 , "central palate," striped regions). In some recordings, the intensity of palatal stimulation was varied to determine if only a unimodal representation would be seen at a lower stimulus intensity, but such changes in topography were not observed.
Stimulation of the soft palate evoked SEPs in only one of the four animals. This activity was recorded from the most lateral location of the array (corresponding to a location about midway between locations 15 and 16 in Fig. 1) ; it is possible that larger potentials would have been recorded at more lateral sites. Stimulation of the pharynx did not elicit detectable SEPs in any recording. Stimulation of the posterior tibial nerve or the median nerve also did not evoke focal SEPs near the lateral sulcus.
To locate the generators of trigeminal SEPs in specific regions of sensorimotor cortex, laminar recordings were made from cortex and white matter. In the recording shown in Fig. 4 , the generator of the P 11 component was in areas 1 and 2, as demonstrated by its polarity inversion (N 11 ) in midcortical layers of the middle and posterior portion of the crown of the postcentral gyrus (for example, locations 6a and b). The N 18 component was not seen in this recording, but in other recordings it also showed a polarity inversion in cortex of areas 1 and 2. These potentials are thus analogous to the P 12 and N 25 potentials recorded from the hand area (Fig. 1, "hand," location 11 recording, additional focal potentials were recorded from white matter of the postcentral gyrus (see locations 6f and g); this activity was probably generated in the lateral wall of the intraparietal sulcus, located approximately 1 mm medial to the recording electrodes. The SEPs recorded from the precentral gyrus were small and did not exhibit polarity inversion or other signs of local generation; this activity was probably volume conducted from the postcentral gyrus.
In Fig. 5 , the P 11 and N 18 components were recorded, as usual, from the surface of the postcentral gyrus (location 1). At deeper recording sites, N 9 and P 14 potentials were recorded from lower cortex and white matter of the posterior wall of the central sulcus (locations 2 to 4). At location 5, a transitional waveform appeared and, at precentral locations (6 and 7), a polarity inversion to P 9 and N 14 potentials was recorded. These potentials were thus generated in the posterior wall of the central sulcus in area 3b and are analogous to the N 10 -P 20 and P 10 -N 20 potentials recorded from the hand area (Fig. 1, " hand," locations 19 and 2). However, the area 3b trigeminal potentials were not clearly recorded from the cortical surface in any animal. In one animal, small focal potentials were recorded from the anterior wall of the central sulcus; this activity was also not recorded from the cortical surface. A shortlatency positivity (P 6 ) was recorded from cortex and white matter of the fundus of the central sulcus (location 8); this activity reflects the thalamocortical afferent volley. 3, 8 The fundus of the central sulcus contains area 3a. 6 At location 8 and nearby locations within the fundus (not shown), potentials later than P 6 were not apparent. Thus, in this and other recordings (see Fig. 4 ) there was no evidence of potentials generated in area 3a, as was also the case in SEP recordings from the hand area. 
Discussion
Penfield and colleagues 10, 11 determined by cortical stimulation that the somatotopic organization of the human hand and face area proceeds mediolaterally in the following sequence: hand, lips, tongue, and intraoral cavity. The evoked potential method reveals a similar organization. 7 A similar sequence is seen in single-unit recordings of Old World monkeys, 6, 9, 12 although the somatotopic organization revealed at this level of analysis is complex and changes in the anteroposterior as well as the mediolateral dimension.
One impetus for the present study was the finding in humans that stimulation of the hard palate evoked large, widely distributed SEPs. 7 This result was unexpected because the palate is an immobile structure with relatively poor two-point discrimination, and would thus be expected to have a small cortical representation. Furthermore, the distribution of palatal SEPs was in some cases discontinuous, with the tongue representation interposed between a medial region near the lip representation and a lateral region near the sylvian sulcus. In Old World 6, 9 and New World 4,5,15 monkeys, the teeth are represented medially near the lip representation. The lateral region of the face area, including representation of the palate, has not been studied by the single-unit method in Old World monkeys. However, a recording (Fig. 2) in a rhesus monkey 6 demonstrates that the teeth are represented medial to the tongue. These results led us to the assumption that in humans we were stimulating tooth and gum afferents represented medially and central palate afferents represented laterally. This assumption was supported in half of the recordings of the present study. For example, stimulation of the lateral palate and gum evoked a single active area medially near the end of the intraparietal sulcus, whereas stimulation of the central palate at the midline evoked a single active area laterally near the lateral sulcus ( Figs. 1  and 2 ). However, recordings from the other two animals revealed a complex distribution of potential to stimulation of either the central or lateral palate (Fig. 3) . This may reflect individual differences in somatotopic organization. 5 Alternatively, electrical stimulation of the palate may in some cases activate afferent fibers from both regions of the upper mouth. In either case, the results demonstrate a discontinuity in the representation of the upper portion of the mouth, with the tongue representation interposed between the medial and lateral regions. This is reminiscent of another discontinuity in trigeminal representation, in which the hand representation is interposed between the medial representation of the neck and occipital area of the head and the lateral representation of the face and intraoral structures. 6, 9, 12, 17 The correspondence between monkey and human face and hand area SEPs is summarized in Table 1 .
In human trigeminal recordings 7 there was a "silent region" of the postcentral gyrus, lateral to the palate representation and superior to the sylvian sulcus, which we surmised might represent the throat and intraabdominal structures 11 or a portion of the second somatosensory area (SII). 17, 18 Stimulation of the median nerve (see, for example, Fig. 1 ) or the posterior tibial nerve did not evoke focal SEPs in surface cortex near the lateral sulcus. These results thus suggest, in agreement with anatomical 13 and single-unit 14 studies in Old World Monkeys, that SII is located only within the upper bank of the lateral sulcus. We were unsuccessful in locating the representation of the soft palate and pharynx, perhaps because response thresholds are higher or because the responsive region is small. The representations of these and other posterior intraoral structures have not been determined by single-unit or evoked potential recordings in monkeys, but they are presumably located in the most lateral portion of surface cortex and in the portion of areas 1 and 2 within the upper wall of the lateral sulcus anterior to SII. 13, 14 The human somatotopic organization in this region may be similar.
The locations of current sources and sinks that generate evoked potentials are difficult to infer from the distribution of potentials on the cortical surface.
1,2 Intracerebral recordings of potentials evoked by various types of trigeminal stimulation demonstrated that polarity inversions indicative of local generators were recorded in cortex of the crown of the postcentral gyrus (Fig. 4) and in cortex of the posterior wall of the central sulcus (Fig. 5) . These active regions comprise, respectively, areas 1 and 2, and 3b of somatosensory cortex. 6 In short, the laminar recordings demonstrate that SEPs recorded from the cortical surface to trigeminal stimulation are generated only in somatosensory cortex. The same conclusion was reached for SEPs generated in the hand area to median nerve stimulation. 1, 2, 8 
